Abstract
Recent advances in monitoring technology have enabled high frequency, in-situ measurements of total phosphorus and total reactive phosphorus to be undertaken with high precision, whilst turbidity can provide an excellent surrogate for suspended sediment. Despite these measurements being fundamental to understanding the mechanisms and flow paths that deliver these constituents to river networks, there is a paucity of such data for headwater agricultural catchments. The aim of this paper is to deduce the dominant mechanisms for the delivery of fine sediment and phosphorus to an upland river network in the UK through characterisation of the temporal variability of hydrological fluxes, and associated soluble and particulate concentrations for the period spanning March 2012 -February 2013. An assessment of the factors producing constituent hysteresis is undertaken following Factor Analysis (FA) on a suite of measured environmental variables representing the fluvial and wider catchment conditions prior to, and during catchment-wide hydrological events.
Analysis indicates that suspended sediment is delivered to the fluvial system predominantly via rapidly responding pathways driven by event hydrology. However, evidence of complex, figure-of-eight hysteresis is observed following periods of hydrological quiescence, highlighting the importance of preparatory processes. Sediment delivery via a slow moving, probably sub-surface pathway does occur, albeit infrequently and during low magnitude events at the catchment outlet. Phosphorus is revealed to have a distinct hysteretic response to that of suspended sediment, with sub-surface pathways dominating. However, high magnitude events were observed to exhibit threshold-like behaviour, whereby activation and connection of usually disconnected depositional zones to the fluvial networks results in the movement of vast phosphorus fluxes. Multiple pathways are observed for particulate and soluble constituents, highlighting the challenges faced in mitigating the delivery of contaminant fluxes to headwater river systems.
Introduction
Understanding the hydrological and pollutant dynamics of headwater catchments, and the implicit connections between the land and the river is of great importance (Bishop et al., 2008) . These rivers account for 60 to 80% of the entire river network (Benda et al., 2005) , providing potable drinking water (Sturdee et al., 2007) , buffering capacity for flood risk (Posthumus et al., 2008) , dilution of nutrient rich waters downstream (Bowes et al., 2003) and ecological habitats fundamental to the health of the aquatic ecosystems (Meyer et al., 2007) . Maintaining the quality of headwater resources is thus essential for the sustainability of the water environment (Soulsby et al., 2002) . A significant risk to the systems' functional integrity is the presence of surface sediment sources that are enriched with phosphorus (P)
following years of excessive fertiliser inputs (Heathwaite et al., 2006; Withers et al., 2001; Withers et al., 2007) , which may be exacerbated by land-use conflicts Valle Junior et al., 2014) and accelerating rates of terrestrial erosion (Mainstone et al., 2008; McHugh, 2007) . The delivery of these materials to hydrological networks is augmented by the relatively low filter resistance and restricted potential for temporary storage in these small catchments. Resultantly, the catchment export of sediment and P may be closely related to the magnitude of erosion and land degradation (Kovacs et al., 2012) , with adverse impacts on the aquatic habitats ensuing (Collins and Walling, 2004; Haygarth et al., 2005a; Haygarth et al., 2005b; Holden et al., 2007; Valle Junior et al., 2015) .
To moderate the number of watercourses failing to produce ecologically sustainable habitats as a result of enhanced erosion and delivery of pollutants to sensitive headwater fluvial networks, identification of the fine sediment and nutrient sources, and the pathways of delivery is firstly required , with management efforts subsequently focussing on restoring natural attenuation within catchments and disconnecting the identified Critical Source Areas (CSAs), or hot-spots from the fluvial networks (Heathwaite et al., 2005; Kovacs et al., 2012; Newson, 2010; Pionke et al., 1996) . Many well established factors act to define the CSAs of fine sediment and P, however, our understanding of how and when these areas are connected to the fluvial networks is limited by the heterogeneity of factors governing process rates (Dean et al., 2009 ). These factors include antecedent moisture conditions, runoff mechanisms, spatial variation of rainfall intensity, and land management operations. These process controls influence the mechanisms of mobilisation, pathways of transfer, and the complex biogeochemical processes occurring along the land-water
continuum, yet, they are diffuse, difficult to quantify at the catchment-scale, and vary on an event basis. Understanding of how pollutant transmission varies in response to temporal and spatial constraints may however provide key information about connectivity of pollutant sources, pathways of delivery and pollutant transfer in a catchment (Lexartza-Artza and Wainwright, 2009) .
A large amount of research has been conducted to improve our understanding of the timing and mechanisms responsible for the transport of aquatic pollutants in surface and sub-surface runoff from agricultural land, with investigations into the fluvial export of suspended sediment from small agricultural catchments enabling exploration of the processes responsible for its delivery (e.g. Glendell and Brazier, 2014; Steegen et al., 2000; Thompson et al., 2013) . Likewise, studies have sought to characterise the nature of P losses from headwater agricultural catchments (e.g. Haygarth et al., 2005b; Hodgkinson and Withers, 2007; Pionke et al., 1996; Soulsby et al., 2002; Stutter et al., 2008) . However, there is currently a dearth of continuous, high-temporal resolution hydro-chemical and suspended sediment monitoring datasets available for rivers draining sensitive headwater catchments.
Such high-frequency datasets of discharge, suspended sediment (SS), total phosphorous (TP) and total reactive phosphorus (TRP) enable characterisation of the complex non-linear responses of the monitored determinands at sub-hourly timescales.
Non-linear concentration-discharge relationships have been widely acknowledged for many contaminants, with assessment of this hysteresis being used as a means of interpreting probable pollutant pathways and origins (e.g. Lefrançois et al., 2007; Naden, 2010; Outram et al., 2014; Smith and Dragovich, 2009) . Small scale experiments, in which the pollutant transport processes are controlled, have successfully produced the expected hysteresis dynamics, offering support for this indirect approach (e.g. Chanat et al., 2002; Eder et al., 2014) . Analysis of the process dynamics of multiple contaminants using this hysteresis framework enables commonalities in transport systems to be assessed, and maximum information to be extracted about pollutant and catchment response to hydrological events (e.g. Halliday et al., 2014; Mellander et al., 2012; Outram et al., 2014; Owen et al., 2012; Wade et al., 2012) . Specifically, this framework enables an assessment of the complicating factors and influences on SS and P transfer at multiple scales (e.g. Haygarth et al., 2012) ; and, the interaction between catchment structure, connectivity, and pathway dominance under varying environmental conditions (Bilotta et al., 2007; Bilotta et al., 2010; Bracken et al., 2014 ) .
Such information is valuable and necessary to inform mitigation strategies for reducing diffuse water pollution from agriculture (DWPA) in the UK (McGonigle et al., 2014) . The development of a solid evidence base prior to the implementation of mitigation measures is required to: a) determine the effectiveness of control measures (e.g. Wilkinson et al., 2013); b) assess the cost-effectiveness of resource allocation (e.g. Posthumus et al., 2013) ; and c) enable reliable and transparent decisions to be made about future catchment operations (Collins et al., 2012) .
In this present study, high resolution hydro-meteorological, SS and P data collected during a range of low and moderate magnitude runoff events over one year are analysed to determine the intra-storm hysteresis dynamics of SS, TP and TRP concentrations. Analysis of the environmental factors associated with observed pollutant dynamics is conducted using Factor Analysis (FA) which incorporates a suite of environmental variables representing the event storm conditions and antecedent hydro-meteorological conditions. The aim of this analysis is to extract fundamental information describing the transport pathways and pollutant dynamics of the system, providing the basis for examining the key components driving the transfer of SS and P at multiple scales across a small agricultural catchment in the UK.
Materials and Methods

Study Area
This research was conducted in the upper reaches of the Newby Beck sub-catchment of the River Eden, NW England, UK (Figure 1 
Research Design
This study utilises the River Eden Demonstration Test Catchment (DTC) research platform (cf. Owen et al., 2012) . The DTC programme was implemented to inform policy and practical approaches for the reduction of DWPA and the improvement of ecological status in freshwaters, whilst maintaining economically viable food production (McGonigle et al., 2014 
Instrumentation and Sampling
Hydrometeorology
The catchment was equipped with an Environmental Measurement Limited (EML)
Automatic Weather Station (AWS), logging rainfall (mm), air temperature (ºC) and net radiation (W m -2 ) every 15 min. Two additional Casella 0.2 mm tipping bucket rain gauges log on an event basis ( Figure 1 ). Each in-stream monitoring station was equipped with a nonvented SWS Mini-Diver, which when corrected for atmospheric pressure, record water level (± 0.005 m; i.e. < 0.5% of maximum gauged level) at 5 minute intervals. Site specific ratingcurves were produced using river level data and the collection of flow measurements.
Velocity measurements were taken using a Valeport Electromagnetic Current Meter at low flows and a Teledyne RD Instruments StreamPro ADCP during high-flows. Discharge values were calculated using the Area-Velocity method. At peak flows, extrapolation of the rating curves beyond the maximum gauged discharge was necessary for 2.96, 0.67 and 0.61% of the time for Stations A, B and C, respectively. This was achieved using the Velocity Area Rating Extension (VARE) approach (Ewen et al., 2010) .
Water Quality Parameters
Turbidity probes were deployed at all three in-stream monitoring stations to provide highfrequency surrogate measurements of suspended sediment concentrations. Measurements were made at fifteen minute intervals using McVan Analite 395 nephelometers (Stations A and B) and a YSI 6600 multi-parameter sonde (Station C). These probes were equipped with wipers, programmed to clean the sensor at sub-hourly intervals. At Station C, P concentrations were measured using a Hach Lange combined Sigmatax sampling module and Phosphax Sigma analyser. The system was subjected to a weekly cleaning cycle, with automatic calibration with a 2 mg L -1 standard solution being performed daily. TP is determined colourimetrically following heating of the sample to 140ºC under pressure and being subjected to persulfate digestion, whilst molybdate-reactive phosphorus (TRP) concentrations are determined colourimetrically on an unfiltered sample (Elisenreich et al., 1975; Wade et al., 2012) . TRP is an operationally defined measurement predominantly comprised of orthophosphate (PO4; SRP), although readily hydrolysable P species in the sample may also be present within this TRP fraction (Halliday et al., 2014) . TP and TRP measurements were made alternately every 15 min.
Quality Control & Data Treatment
Hydrometeorology
Data from the three rain gauges across the catchment were visually compared to detect events that were not registered by individual stations due to malfunction. Following assurance of the data's quality, precipitation from the available stations was interpolated using an Inverse Distance Weighting function (Ahrens, 2006) . River level was visually inspected for artificial anomalies. For short-lived erroneous events, anomalies were removed through linear interpolation of adjacent values (cf. Horsburgh et al., 2010) .
Water Quality
The limits of detection of the Hach Lange Sigmatax/Phosphax systems were assessed by analysing replicate blank samples consisting of deionised water. These 'blanks' were pumped through the entire system and analysed by the Phosphax analyser. Average concentrations of 0.009 mg L -1 for TRP and 0.02 mg L -1 for TP were observed. These concentrations were assigned as the limits of detection for the method, with measurements below these values being removed from the dataset. In-situ measurements of turbidity, TP and TRP were regularly compared with laboratory derived reference measurements (as defined in Table 2 ).
River samples were obtained for these tests using an ISCO 3700 automatic sampler.
Suspended sediment concentration (SSC) was determined using the gravimetric method A linear regression model was adopted to best describe the fit between the in-situ and reference measurements for all determinants. A condition specifically imposed for the turbidity-SSC model was that the intercept had to pass through the origin. This was chosen to prevent negative prediction of SSC values at very low turbidity levels . For each of the developed linear models, the uncertainty of the regression coefficients was evaluated by bootstrapping the residuals 10,000 times, replacing the original sample and providing detailed information about the characteristics of the population.
Event Classification and Extraction
The initiation of a hydrologically significant event was defined following partitioning of the hydrograph into base and storm flow components based on the Hydrograph separation program (HYSEP) local minimum method (Sloto and Crouse, 1996) . Initial classification of events was undertaken at the outlet, Station C. Only high flows that were observed at both the sub-catchments were selected for analysis. This resulted in a total of 55 events being retained, which occurred between the 10 th of May 2012 and the 14 th of February 2013 (Figure 2 ). At each site, and for events with available data, an assessment of the TP/TRP/SSC hysteresis dynamics was conducted based on the comprehensive account of hysteresis patterns provided by Williams (1989) . for analysis with suspended sediment and phosphorus data available are highlighted.
Factor Analysis
The compilation of hydrochemistry and meteorology for periods immediately prior to and during the storm events, collected across three water quality and three meteorology monitoring stations, resulted in the production of a complex, multi-dimensional dataset, parameters, units and measurement intervals of which are provided in Table 3 . Multivariate statistical treatment of the data was used to extract the underlying information (Singh et al., 2004) . Factor Analysis (FA) was chosen to provide a structured and transparent method of analysing the complex dataset. To examine the suitability of the data for FA, the Kaiser- Bartlett's test of sphericity on each of the three z-scale transformed experimental datasets produced a significance level of zero, indicating significant relationships amongst variables.
This indicates an adequate degree of common variance, indicating that the matrixes are factorable (Shrestha and Kazama, 2007) . A Varimax rotation scheme was employed and a three-factor model determined (Kaiser, 1958 
Performance of In-Situ and Surrogate Measurements
The performance metrics of each of the in-situ (TRP/TP) and surrogate (turbidity) measurements used in this study are provided in Table 4 . These include the uncertainty of the regression coefficients for each developed model, along with the number of calibration samples (n) and summary statistics. It is demonstrated that turbidity is an excellent surrogate for SSC, with each of the developed linear models being highly statistically significant (P < 0.001). These site specific models were used for calibration, with turbidity being converted to SSC. The relationship between the in-situ and laboratory derived TP concentrations is also highly significant (R 2 = 0.97; P < 0.001) although the field measurements typically overestimate the reference (laboratory derived) concentrations. This is likely an artefact of different analytical procedures and the reagents used during the in-situ analysis. However, this does provide assurance that the Hach Lange apparatus is operating in a stable and precise 
Factor Analysis
Taking samples and variables into account, three factors explained 82.75%, 72.61%, and 74.71% of the variance for monitoring stations A, B and C, respectively. In order to determine the dominant variables of each factor, loadings were computed. 'Strong', 'moderate' and 'weak' loadings are defined as > 0.75, 0.75 -0.50 and 0.50 -0.30, respectively (Shrestha and Kazama, 2007) . For each of the stations, the factor which explains the greatest variance in the dataset (i.e., factor one) is characterised by high positive factor loadings (> 0.75) for the event storm conditions. These include variables such as the mean and maximum discharge, rate of discharge rise, precipitation total and the mass of suspended sediment transported during the event (Table 5 ). Factor two is characterised by high positive factor loadings for variables describing the antecedent hydrological conditions prior to the commencement of the storm event. These include the amount of precipitation over the preceding 1/5/7/21 days and the discharge associated with these antecedent periods. The third factor is characterised by high positive factor loadings for variables describing the ambient temperature over the preceding 1/5/7/21 days. These three factors which were retained for Varimax rotational analysis and utilised to understand the necessary conditions for the production of distinct hysteresis loops therefore represent: 1) event magnitude; 2) antecedent wetness; and 3) temperature. 
Suspended Sediment
At monitoring station A, hysteresis patterns are almost entirely dominated by clockwise hysteresis (86.2%; Figure 3a ). These events are the dominant behaviour of the system and occur across the full range of factor conditions, represented by the large standard deviation (σ) of factor (F) scores ( ) (F1 ̅ = 0.11, σ = 1.03; F2 ̅ = 0.10, σ =1.04; F3 ̅ = -0.15, σ = 0.99).
For 10.4% of events, figure-of-eight with an anti-clockwise loop (A8) hysteresis is observed. 
Total Reactive Phosphorus
At monitoring station C, the within-storm dynamics associated with TRP are dominated by anti-clockwise hysteresis (62.2%; Figure 3d ). These events occur across the full range of 
Total Phosphorus
At monitoring station C, the within-storm dynamics associated with TP are almost entirely dominated by anti-clockwise hysteresis (73.3%; Figure 3e ). This is the dominant behaviour of the system and occurs across the full range of varifactor conditions with the exception of events which are characterised by a combination of high VF1 scores and negative VF3 scores (VF1 ̅ = -0.18, σ = 0.80; VF2 ̅ = 0. 14, σ = 0.99; VF3 ̅ = -0.01, σ = 1.03). C8 type events account for a further 13.3%, which are also not limited to specific conditions, although they do dominate when VF1 is high ( ̅ = 0.80, σ = 1.19) and when VF3 is low ( ̅ = -0.26, σ = 0.53)
i.e. moderate-high magnitude events in periods of low ambient temperature. Remaining events may be characterised as exhibiting A8 (4.4%), clockwise (2.2%), and no discernible hysteresis (6.7%). 
Discussion
Suspended Sediment Transfer in Response to Temporal and Spatial Constraints
Clockwise hysteresis events dominate, accounting for 86% and 89% of events and for 96%
and 99% of the sediment flux generated during storm periods at Stations A and B,
respectively. The incidence of these events is consistent between sub-catchments, with comparable hysteresis responses occurring on 93% of occasions. The rapid response of SSC to hydrological forcing implies that the SS sources are readily accessible with the majority of SS being generated from areas proximal to the channel (Bača, 2008; Lefrançois et al., 2007; Rodríguez-Blanco et al., 2010) . These sediment sources include: bed material (Arnborg et al., 1967; Bogen, 1980) , bank material (Langlois et al., 2005; Seeger et al., 2004; Smith and Dragovich, 2009 ) and hydrologically connected areas close to the channel which respond rapidly at the onset of a storm (Mano et al., 2009; Reid et al., 2007) . Factor analysis has illustrated that these event dynamics have no threshold of initiation and may occur across the full range of environmental conditions observed.
A secondary response at the sub-catchment scale, which is infrequently observed, is figure-
of-eight hysteresis with an anti-clockwise loop (A8). This is a result of temporary elevated
SSCs on the rising limb, followed by a period of enhanced transfer following peak discharge.
The processes producing A8 events are difficult to decipher, although the enhanced SSC at low discharges on the rising limb of the hydrograph is likely a result of event water prominence and more specifically, within-channel sediment sources that are readily mobilised during the initial stages of the event (Eder et al., 2014) . Such event characteristics
are likely a result of rapid remobilisation of material deposited during the recession period of the previous event (Bull, 1997; Eder et al., 2014) . Factor analysis has indicated that the occurrence of these events at Stations A and B is preceded by a combination of fluvial quiescence and relatively high air temperatures. These antecedent hydro-meteorological characteristics will be a principal control of the preparatory processes operating during the relaxation period between events, and they may govern the rate of sediment generation and condition the system response Lexartza-Artza and Wainwright, 2009 ).
For example, an extended recession period may result in the relative abundance of easily accessible within-channel sources being present due to a lack of depletive flows (Carling, 1983; Stutter et al., 2008; VanSickle and Beschta, 1983) . Meanwhile, elevated temperatures and high net radiation would enhance the presence of in-stream vegetation producing a stabilising effect and efficiently trapping fine grained material within the channel at baseflow (Cotton et al., 2006) . These characteristics may act to increase the within-channel availability of fine sediment throughout the relaxation period, with the subsequent storm mobilising this accumulated and easily accessible sediment stock, triggering the initial elevated SSCs; the initial phase of the A8 hysteresis pattern. The continued transfer of sediment through the system on the falling limb of the hydrograph is however indicative of a delayed contribution from an additional significant sediment source (Eder et al., 2010) .
At the catchment scale (Station C), clockwise hysteresis is still highly important in the export of SS from the Newby Beck catchment. Despite accounting for only 42% of events, they account for 75% of total flux generated during storms. Events classified as clockwise at Stations A and B are, however, only replicated at the outlet on 47% and 56% of occasions respectively, with an increased incidence of A8 and anti-clockwise hysteresis at this catchment-scale. This lack of uniformity between sub-catchments and the catchment outlet reflects between-scale variations in dominant processes and may reflect inconsistencies in sediment sources (Smith and Dragovich, 2009 ). An example of the between scale divergent response is provided in Figure 4 . In this instance, a storm producing 11.8mm of rainfall results in a catchment-wide hydrological response and the creation of broad, clockwise SS hysteresis loops at both Stations A and B. However, at Station C, these dynamics are not replicated, and an A8 loop is produced. This is a commonly observed variant response throughout the time-series, representing 20% of events at the outlet and producing 9% of the storm generated flux. Similar to Stations A and B, these events occur during low-moderate magnitude run-off events with their occurrence across a gradient of antecedent conditions and ambient temperature (Figure 3c ). More striking inconsistencies in the SS hysteresis patterns between scales are observed when the occurrence of anti-clockwise hysteresis is examined. These event dynamics are extremely infrequently reported at Stations A and B. However, at Station C these account for 22% of the events, and 2% of the storm generated sediment flux. The generation of these sediment dynamics is likely the result of the dominant sediment delivery pathway being a) extensive with a source distal to the main channel (Eder et al., 2010; Marttila and Kløve, 2010), or b) slow-moving (Sadeghi et al., 2008) . Given that these dynamics are observed at the outlet station only, during low magnitude events and following relatively dry antecedent conditions, it is highly unlikely that contributing area expansion, the capturing of headwater zones and widespread hydrological connectivity would result in significant contributions from distal sources (Bača, 2008; Giménez et al., 2012; Marttila and Kløve, 2010; Webb and Walling, 1982) . Rather, given the event characteristics, sub-surface flow is anticipated to be a significant contributor to both the storm-water discharge and, potentially, the material flux (e.g. Deasy et al., 2009; Russell et al., 2001) . Sub-surface particulate fluxes are likely to occur following soil pipe erosion (Verachtert et al., 2011) , or detachment at the surface by raindrop impact which is subsequently delivered through soil macro-pores or sub-surface drains (Pilgrim and Huff, 1983) . Although these sub-surface processes may be important during low magnitude events, as storm intensity increases, additional pathways of sediment movement become progressively important (Sayer et al., 2006) , limiting the occurrence of anti-clockwise hysteresis events to low magnitude runoff events.
These findings highlight the importance of spatial constraints on controlling the dynamics of sediment transfer. As scale increases, SS transmission is complicated by the dominance and variability of erosive processes and connected pathways in the catchment (de Vente and Poesen, 2005; Lexartza-Artza and Wainwright, 2011) . In Newby Beck, this spatial dependency is likely a consequence of the transition from the relatively freely draining soils of the elevated sub-catchments to the lower-lying, slowly permeable soils of the wider catchment, which necessitates the increased presence of under-drainage for sustainable agricultural production (cf. Table 1 ). The manifestation of this is a small reduction in surface driven sediment transfer at the catchment scale, and conversely, a greater incidence of slowmoving pathways, as a result of disconnection between the surface supply -delivery system.
Furthermore, although surface pathways dominate in terms of SS delivery at each spatial scale, there is a temporal dependency that influences the dominance of a particular pathway, especially at increasing spatial scales where catchment linkages become more complex. It is clear that key environmental drivers alter the distribution of pollutant pathways, with delivery of SS through shallow sub-surface pathways during low magnitude events becoming increasingly frequent despite transferring relatively little in terms of total flux.
Dominant Pathways of Phosphorus Transfer
Monitoring of TRP and TP at Newby Beck has provided new insights into the processes responsible for their delivery in a headwater agricultural catchment. In catchments dominated by 'natural sources', P is mobilised by physical processes of erosion, with the majority of transfer typically taking place in particulate form Withers and Jarvie, 2008) . In Newby Beck, this particulate contribution is secondary to the predominantly soluble TRP fraction, with a median event ratio between TRP and TP of 0.57:1. This suggests the importance of anthropogenically derived sources, with excess fertiliser application possibly leading to a potential surplus of nutrient stock that is not exhausted (Römer, 2009 ).
This analysis has revealed that the dominant pathways of P delivery to the fluvial system are largely distinct to the pathways responsible for delivering SS, with anti-clockwise hysteresis dominating both the TRP and TP time-series of events (Figure 3 ). Previous studies have inferred these dynamics to be a consequence of point sources such as septic tanks and dairy shed retention ponds, which continue to contribute following the hydrograph peak (McKee et al., 2000) . However, in this instance, the positive relationship between discharge and P concentrations on a seasonal and event-basis and the lack of dilution-effects does not support this interpretation . Rather, the dominance of anti-clockwise hysteresis provides support for a non-channel source, with soil water being the dominant pathway (Bowes et al., 2005; Chanat et al., 2002; Hatch et al., 1999) . Although this may not be typical of agricultural catchments (e.g. Harrington and Harrington, 2014; Sharpley et al., 1992; Siwek et al., 2013) , near-surface runoff as a conduit for effective P transfer has been highlighted in other headwater catchments, with the presence of field drains producing preferential hydrological pathways (Dils and Heathwaite, 1999; Hatch et al., 1999; Heathwaite et al., 2006; Heathwaite and Dils, 2000; Rhea et al., 1996; Sims et al., 1998) . This sub-surface pathway will not only enable the movement of soluble P within the soil matrix, but also very fine colloidal material, which may contribute significantly to the export of TP and TRP (Foster et al., 2003; Heathwaite and Dils, 2000) . Given the potential for both particulate and soluble fractions to be effectively transported by these sub-surface connections, a great deal of synchronicity in TP and TRP hysteresis dynamics is observed, with 82% of the events producing anti-clockwise hysteresis for TRP resulting in a comparable TP response (e.g. Figure 5 ). It is this shallow sub-surface component that is dominant in over 73% of the events analysed for TP and 62% for TRP. These pathways are also responsible for a significant proportion of the event P flux, with anti-clockwise hysteresis events accounting for 49% of the storm driven P flux. The alternate C8 hysteresis dynamics may only account for 13% of events but they represent 25% of the storm driven P flux. The C8 pattern is the result of P concentrations responding moderately at the beginning of the event, prior to a surge in concentrations towards peak discharge on the rising limb of the hydrograph (e.g. Figure 6 ). These dynamics are mainly observed during moderate and high magnitude events for both TRP and TP. The threshold type behaviour observed during the rising-limb is indicative that the factor(s) constraining the transfer of mobilised particulate material have been overcome. In this instance, usually disconnected depositional zones may become linked to the fluvial networks as a result of intense rainfall across the catchment. In these usually disconnected depositional zones, sediment can be an important source of P , which, when activated and connected to the wider catchment can result in the transfer of vast fluxes of P in surface water (cf. Haygarth et al., 1999) . Upon rainfall subsiding, concentrations rapidly decline as surface runoff ceases (Siwek et al., 2013) , with a secondary pulse being observed on the falling limb of the hydrograph as P enters the river via shallow through-flow pathways. Figure 6b) illustrates the timing of concentration pulses which lead to the production of the figure-ofeight (clockwise loop) hysteresis.
Implications for Catchment Management
This analysis provides a behavioural understanding that has important implications for reducing P and fine sediment exports within predominantly grassland headwater catchments, with divergent delivery mechanisms being identified between contaminants and across the catchment-unit. The dominant clockwise hysteresis dynamics for suspended sediment highlights fast, surface-water driven delivery from areas proximal to the channel. In these agricultural catchments, transfer of pollutants as a result of infiltration-excess flow should be rare, however, land management practices commonly used in food production increase compaction and soil degradation, enhancing its occurrence (Heathwaite et al., 2005) . Where soil structure is compromised, soil resistance and function could be restored through the use of soil aeration and sward lifters to improve soil infiltration. Where surface runoff pathways are driven by topographic, or man-made features such as tracks and tractor wheelings, physical interception is required to prevent potential sediment source areas becoming CSAs.
Decoupling of the hillslope-channel system may be achieved by proactively disconnecting these linkages through the creation of within field, or field edge detention areas through the use of soil bunds, woodland buffer zones, or offline storage ponds. These features slow and temporarily store runoff, enabling mobilised sediment to be recaptured in strategic locations (Burt, 2001; Jordan et al., 2003; Wilkinson et al., 2013) . Accessible sediment and P sources from the channel networks could also be further reduced by fencing channels to reduce livestock access. The slow-moving, near surface dominant pathway identified for TP and TRP can only be addressed through a combination of improving soil condition and structure to reduce the occurrence of dry cracked soils and macro-pores; fertiliser management to reduce the source and; proactive interception of land-drains at their outfall within the farm ditch system. The issue of disconnecting depositional zones that become active during infrequent high magnitude events is somewhat more troublesome and requires whole-farm planning and careful nutrient budgeting.
Conclusion
Assessment of the intra-event hysteresis dynamics and factor analysis of hydro-chemical and suspended sediment datasets for a small agricultural catchment has provided indirect evidence of the dominant mechanisms and pathways of SS and P transfer. At both the subcatchment (2.2 -3.8 km 2 ) and catchment scale (12.5 km 2 ) and across the complete range of antecedent and hydrological conditions observed, SS is delivered to the fluvial systems predominantly via a rapidly responding pathway close to the drainage network. At the subcatchment scale, figure-of-eight hysteresis with an anti-clockwise loop is infrequently evidenced; however these are not controlled by the event hydrology, but rather the antecedent conditions and ambient temperature. This highlights the importance of preparatory processes during the relaxation period. SS is also observed to be delivered via a slow moving pathway during 22% of events at the catchment outlet. These are low magnitude events, during which SS is delivered to the fluvial network predominantly via sub-surface pathways. Remarkably, P has been revealed to exhibit a distinct hysteresis response to that of SS. Anti-clockwise hysteresis dominates, accounting for 73% and 62% of events for TP and TRP. This slow moving pathway may be atypical of agricultural catchments, but represents the importance of near-surface runoff as a conduit for P transfer. During high magnitude events however, figure-of-eight hysteresis with a clockwise loop is observed. This threshold-like behaviour is likely the result of the activation and connection of usually disconnected depositional zones to the fluvial networks which results in the transfer of vast P fluxes. The divergent dynamics observed between contaminants across this small agricultural catchment exemplifies the complexity and variability of fine sediment and P transfer processes, highlighting the need to understand dominant pollutant pathways and for the development of contaminant specific management plans to ensure that control measures are most effective at the catchment scale.
